Introduction
Opalin/Tmem10 is a myelin protein phylogenetically specific to mammals and specifically localized to the central nervous system but not the peripheral nervous system [1] [2] [3] [4] [5] . We previously showed that Opalin is localized at high levels in the "piled-up" myelin paranodal loops as well as the soma and processes of oligodendrocytes [5] . Because of these features, Opalin is often used as a good marker for mature oligodendrocytes and myelin of the mammalian CNS [6] [7] [8] . It is another intriguing feature that Opalin, a type I transmembrane protein (143 amino acids), has a short N-terminal 30 amino acid domain that undergoes a high degree of post-translational modification by N-linked and O-linked oligosaccharides, some of which are terminated with sialic acids [5] . Mutations at several consensus or putative sites for N-glycan and O-glycan sites caused Opalin a failure of cell surface localization in oligodendrocytes, suggesting that the large sialylated glycans of the N-terminal domain is critical for Oplain protein trafficking and/or function in paranodal loop membrane [5] . However, glycosylation patterns of Opalin protein in the brain are not fully understood.
In the present study, we investigated expression and glycosylation of Opalin protein in mouse brain during postnatal development and aging. We found age-dependent changes in brain distribution patterns and degree of sialylation of Opalin protein. The expressional and post-translational alteration of Opalin from juvenile stages to adulthood suggests its possible role in the myelin of mammalian brains.
Materials and methods

Animals
Mice (ICR and C57BL/6J) were purchased from Nihon SLC (Hamamatsu, Japan). All animal work was conducted according to the recommendations and the protocols approved by the Animal Care and Use Committee of RIKEN and Tokyo University of Science (approval number: H21-2-244(4) and N13016, respectively). Animals were housed in an environment with a 12-h:12-h light/dark cycle (daytime 8:00-20:00) with controlled temperature (23 ± 2 • C) and humidity (55 ± 10%) and ad libitum access to food and water.
Antibodies
The rabbit anti-mouse Opalin antibody was generated in a previous study [5] (catalog no. RIK-B-OP, Cosmo Bio Co., Ltd) and used at a concentration of 1 g/ml. The anti-myelin basic protein (MBP) (1:10,000 for WB and 1:2000 for IHC, rabbit polyclonal, Cat. 16141) was obtained from IBL, Gunma, Japan. The secondary antibodies used were horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (H+L) (1:2000) (Cat. NA9340) and HRP-conjugated anti-mouse IgG (H+L) (1:2000) (Cat. NA9310) from GE Healthcare, Chalfont St. Giles, UK. The secondary antibody used for diaminobenzidine staining was biotinylated anti-rabbit IgG (1:1000) (Cat. BA-1000, from Vector, Burlingame, CA).
Subcellular fractionation
Subcellular fractionation was carried out as reported in previous studies [5, 9] ; details are provided in the Supplemental materials. Briefly, mouse brain homogenates were prepared using a grassTeflon homogenizer and were centrifuged at 1000 × g for 10 min at 4 • C to obtain precipitate fraction 1 (ppt1). The resulting supernatant (called sup1 fraction) was centrifuged at 105,000 × g for 1 h at 4 • C to obtain the precipitate fraction 2+3 (ppt2+3) containing crude cell membrane [5, 9] .
Myelin fractions were prepared essentially as described [5, 10] ; the detailed method is provided in the Supplemental materials. Briefly, mouse brain homogenates were prepared with a Dounce homogenizer. The homogenates were layered over 0.85 M sucrose solution in 5 mM Tris-HCl (pH 7.4) in a Beckman Coulter SW28 rotor and were centrifuged at 75,000 × g for 30 min at 4 • C. The crude myelin layer at the interface of the two sucrose solutions was collected and recentrifuged in a SW28 rotor at 75,000 × g. The pellet was resuspended and was recentrifuged at 12,000 × g. The resultant pellet was again homogenized and repelleted at 12,000 × g to obtain the crude myelin fraction. The crude myelin membrane pellet obtained was homogenized, layered over 0.85 M sucrose solution in 5 mM Tris-HCl (pH 7.4), and centrifuged in a SW28 rotor at 75,000 × g for 15 min at 4 • C. The myelin fraction at the interface between 0.35 M and 0.85 M sucrose solution was collected, again homogenized, and recentrifuged in a SW28 rotor as described above. The resulting pellet was used as the pure myelin fraction.
Immunological analysis
Western blot analyses of protein samples and immunohistochemical analyses of brain sections (number of animals analyzed = 3) were basically carried out as described previously [5, 9] ; the details are provided in the Supplemental materials.
In situ hybridization
In situ hybridization of mouse brain and spinal cord sections (number of animals analyzed = 3) was carried out as described in previous studies [5, 9] .
Enzymatic deglycosylation
The deglycosylation reaction was essentially performed as described previously [5] , and the detail is provided in Supplemental materials. N-linked glycans were removed by treatment with N-glycosidase F (from Flavobacterium meningosepticum) (Roche Diagnostics GmbH, Mannheim, Germany), O-linked glycans were removed by incubation with O-glycosidase (from Diplococcus pneumoniae) (Roche), and Sialic acids were removed by incubation with neuraminidase (from Arthrobacter ureafaciens) (Roche).
Lectin affinity assay
The lectin-binding affinity of Opalin in myelin fractions at P21 and P180 was analyzed using Maackia amurensis lectin II (MAL II) (Cat. B-1265, from Vector Laboratories, Inc., Burlingame, CA), M. amurensis lectin (MAA) (Cat. BA-7801-2, from EY Laboratories, Inc., San Mateo, CA) and Sambucus nigra lectin (SNA) (Cat. BA-6802-1, from EY Laboratories, Inc.). The detailed method is provided in the Supplemental materials. Opalin immunoreactivity decreases in the white mater regions of cerebellum at P180 in comparison with the other regions such as the corpus callosum, anterior commissure, optic nerve and corticospinal tract. Such region-specific reduction of immunoreactivity in the cerebellum at P180 is not observed for MBP. Scale bar in panels L-N, 1 mm. ac, anterior commissure; cbwm, cerebellar white matter; cc, corpus callosum; cst, corticospinal tract (pyramidal tract); fi, fimbria of hippocampus; fr, fasciculus retroflexus; lo, lateral olfactory tract; ms, medullary stria of thalamus; oc, optic chiasm; ot, optic tract; pf, posterior funiculus; scwm, spinal cord white matter.
Results
Increase in the molecular size of Opalin protein with aging
We examined Opalin protein in the crude cell membrane fraction ppt2+3 prepared from mouse cerebellum and cerebrum at five different postnatal stages (postnatal days [P] 7, P14, P28, P56 and P180) by western blot analyses using anti-Opalin antibody (Fig. 1A) . Opalin immunoreactive protein was barely detectable in the cerebellar and cerebral lysates prepared at P7 (infant stage). The amount of Opalin protein increased dramatically in the cerebellum by P14 and became obvious in the cerebrum between P14 and P28 (juvenile stage). Notably, the bands immunopositive for Opalin in both cerebellum and cerebrum at P56 (adolescent stage) and P180 (adult stage) migrated more slowly in 12% SDS-PAGE than those at early stages (Fig. 1A) . 15% SDS-PAGE of pure myelin fraction samples more convincingly separated Opalin bands at P23 from bands at P180 (Fig. 1B and C) . These results suggest an increase in molecular size of Opalin with mouse aging, for example due to post-translational modification or splicing variation.
Change in region-specific expression patterns of Opalin with aging
We next observed the localization of Opalin in sagittal ( Fig. 2A-H) and coronal ( Fig. 2I-N) sections of the mouse brain at four different postnatal stages by immunohistochemistry. Expression of Opalin protein was barely detectable over the mouse brain regions at P7 ( Fig. 2A) , rapidly increased by P14 (Fig. 2B) , and almost reached peak levels around P21 across the white matter rich regions including corpus callosum, hippocampal fimbria, medullary stria of thalamus, anterior commissure, optic nerve, cerebellar white matter, corticospinal tract, and posterior funiculus (Fig. 2C) , as previously described [5] . By contrast, expression of myelin basic protein (MBP), a major myelin protein, was already detectable at P7 (Fig. 2E) and was progressively increased thereafter in similar Opalin-positive regions ( Fig. 2F and G). At P180 Opalin immunoreactivity, however, was substantially reduced in many regions of the mid-hind brain, especially the white matter of the cerebellum (Fig. 2D and I-K) compared with MBP-immunoreactivity (Fig. 2H and L-N) . However the anterior commissure, corpus callosum, corticospinal tract, fasciculus retroflexus, fimbria of hippocampus, lateral olfactory tract, medullary stria of thalamus, optic chiasm, and optic tract retained relatively high levels (Fig. 2D ) comparable with those in P21 old animals (Fig. 2C) . This tendency of region-specific Opalin reduction in P180 mouse brains was supported by the postnatal changes of Opalin protein contents detected by western blot analysis (Fig. 1) and Opalin mRNAs analyzed by the GeneChip array (Supplemental Fig. 1 ).
In the spinal cord, Opalin immunoreactivity was slightly higher in the white matter than the gray matter at P15 (Fig. 3A) . At P180, the immunoreactivity was predominantly localized in the corticospinal tracts and became higher in the gray matter than the white matter (Figs. 2D and 3A) . Such a region-specific change in P180 mouse spinal cords was not observed in MBP immunoreactivity (Figs. 2H and 3A) . Regarding expression of Opalin in the gray matter, positive-signal patterns for Opalin proteins (Fig. 3B) and mRNAs (Fig. 3C ) in the gray matter were almost comparable with those of MBP, suggesting that Opalin is expressed in cells (probably oligodendrocytes) of the gray matter in adults.
Hyper-sialylation of Opalin with aging
Endogenous Opalin (calculated molecular mass of 16 kDa) is immunodetected as a slowly migrating broad band at approximately 33-38 kDa in SDS-PAGE because it is highly glycosylated [5] . We compared glycosylation of myelin Opalin at P23 and P180 by enzymatic deglycosylation with O-glycosidase, neuraminidase and N-glycosidase F (Fig. 4A) . Banding patterns of immunopositive Opalin were much broader at P23 (lane 1) than P180 (lane 2). The Opalin bands were apparently not changed after treatment with Oglycosidase (lanes 3 and 4), which cannot cleave sialylated forms of O-glycans, but they were shifted to almost the same molecular size after treatment with O-glycosidase and neuraminidase (lanes 5 and 6), suggesting that Opalin O-glycans at P23 and P180 were sialylated. Only neuraminidase treatment at P23 and P180 (lanes 7 and 8) gave rise to the bands that migrated a little more slowly than those treated with O-glycosidase and neuraminidase (lanes 5 and 6), suggesting that Opalin at P23 and P180 had very small O-glycan residues. Removal of both sialic acids and O-glycans (lanes 5 and 6) or both sialic acid and N-glycans (lanes 9 and 10) did not generate large differences in mobility of Opalin bands between P23 and P180, suggesting that N-linked and O-linked glycosylation in Opalin was not greatly changed with aging. On the other hand, removal of N-glycans (lanes 11 and 12) or both N-glycans and non-sialylated O-glycans (lanes 13 and 14) exhibited multiple bands in P23 old animals but at least two bands (a major and a minor bands) at P180, suggesting that there is a variation in the length of sialic acid residues attached to O-glycans at P23 but almost constant length of these residues at P180. Removal of sialic acids and N-linked and O-linked glycans gave rise to at least two bands at either P23 or P180 (lanes 15 and 16) .
We finally estimated the properties of sialylated O-glycans of Opalin in juvenile and adult mouse brains by a lectinbinding assay (Fig. 4B) . The results showed that glycans of Opalin at both P23 and P180 were mostly terminated by sialic acid-␣2,3-galactose-␤1, 3-N-acetylgalactosamine (Sia[␣2,3]Gal[␤1,3]GalNAc) (affinity for MAL II) and also by sialic acid-␣2,6-galactose/N-acetylgalactosamine (Sia[␣2,6]Gal/GalNAc) (affinity for SNA). Opalin did not bind to MAA which recognizes Sia(␣2,3)Gal(␤1,4)GlcNAc (affinity for MAA, see Supplemental materials). Immunopositive band patterns of Opalin affinitypurified for both MAL II and SNA were broad at P23 but very sharp at P180, and more intense bands for MAL II affinity was observed at P180 than P23. Molecular size of deglycosylated Opalin bands did not differ between samples at P23 and P180 (Fig. 4A, lanes 15  and 16) .
Altogether, the deglycosidase treatment experiments suggested that increasing complexity of carbohydrates, mainly increasing sialylation of O-glycans with at least Sia(␣2,3)Gal(␤1,3)GalNAc and Sia(␣2,6)Gal/GalNAc linkages, is a major factor in the increasing molecular size of Opalin with aging, and reaches almost a plateau by P180. In addition, alteration(s) of the N-linked and O-linked glycosylation and alternative splicing, which may cause protein size variations, are not directly associated with the size difference of Opalin between P23 and P180.
Discussion
In the present study, we examined the regional expression and post-translational modification of myelin sialylglycoprotein Opalin in the mouse brain. We found a region-specific change of Opalin expression in mouse brains from infant to adult stages. The expression level of Opalin was dramatically decreased with age in the white matter of the cerebellum, but most of the other brain regions such as the corpus callosum, corticospinal tract, hippocampal fimbria, medullary stria of thalamus, anterior commissure, and optic nerve did not show such drastic changes in expression levels. Our results also indicated that the molecular size of Opalin is gradually increased in adult mouse brains. The molecular basis of this size increase was identified as post-translational modification owing to an increasing sialylation of O-glycans with age.
Although a detailed structural analysis of Opalin glycans is needed to understand the biological significance of agedependent hypersialylation, our results suggest that Opalin contains O-glycans terminated by sialic acid moieties with at least Sia(␣2,3)Gal(␤1,3)GalNAc and Sia(␣2,6)Gal/GalNAc linkages and that the former sialic acid linkage become more dominant in P180 mouse brains compared with P23 brains. Negatively charged sialic acids are known to provide hydrophilicity to cell surfaces, leading to regulation of cellular interactions [11] [12] [13] [14] . Our previous study showed that Opalin has at least three glycan sites (two N-glycan sites [Asn-6 and Asn-12] and an O-glycan site [Thr-14]) [5] and that mutations of these glycan sites fail to localize at cell surfaces in primary cultured oligodendrocytes [5] . Therefore, we hypothesize that Opalin may play a role in intermembranous interaction between paranodal loops, intercellular signaling between oligodendrocytes, or oligodendrocyte-astrocyte signaling via the sialic acid moiety. It is also intriguing that many pathogens recognize sialic acids on the cell surface: for example, the human polyomavirus JC virus can infect oligodendrocytes by interacting with the terminal ␣2,6-linked sialic acids of the cell surface receptor, resulting in the fatal demyelinating CNS disease [15] . Further studies in pathogenic as well as non-pathogenic state may provide a clue for understanding Opalin function in the mammalian CNS myelin.
In conclusion, our study demonstrates that the regional expression pattern and the sialylation pattern of the transmembrane sialylglycoprotein Opalin is regulated during development. These age-dependent alterations of Opalin protein may be associated with its role in the maturation, maintenance and/or aging of the mammalian central myelin.
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protease inhibitor cocktail), and the protein concentration was measured using a BCA protein assay kit (Pierce, Rockford, IL).
Myelin fractions were prepared essentially as described [1] and [3] . Briefly, mouse brains were homogenized with the Dounce homogenizer in 14 volumes (w/v%) of ice-cold 0.32 M sucrose, 5mM Tris-HCl (pH 7.4) and protease inhibitor cocktail (1× complete, EDTA-free; Roche Diagnostics GmbH, Germany). The homogenates (15 ml) were layered over 20 ml of 0.85 M sucrose and 5mM Tris-HCl (pH 7.4) in a Beckman Coulter SW28 rotor and were centrifuged for 30 min at 75,000 × g at 4°C. The crude myelin layer at the interface of the two sucrose solutions was collected (~5 ml), resuspended in ice-cold deionized water to a final volume of 30 ml and recentrifuged in a SW28 rotor at 75,000 × g for 15 min at 4°C. The pellet was resuspended and homogenized with the Dounce homogenizer in 40 ml of ice-cold deionized water, and was centrifuged at 12,000 × g for 13 min at 4°C. The resultant pellet was again homogenized and recentrifuged at 12,000 × g as described above. The crude myelin membrane pellet obtained was then homogenized in 15 ml of ice-cold 0.32 M sucrose and 5mM
Tris-HCl (pH 7.4), layered over 20 ml of 0.85 M sucrose and 5mM Tris-HCl (pH 7.4), and centrifuged in a SW28 rotor at 75,000 × g as described above. The myelin fraction at the interface between 0.35 M and 0.85 M sucrose was collected (about 5 ml), again homogenized, and recentrifuged in a SW28 rotor as described above. The pure myelin membrane (pellet) was thus obtained and resuspended in 10 mM Tris-HCl (pH 7.4) and protease inhibitor cocktail. temperature for 10 min each. Endogenous peroxidase activity was quenched by incubating sections in 3% H2O2 and 10% methanol in PBS for 20 min at room temperature followed by washing three times in PBS as described above. After blocking with 10% normal donkey serum (Cat. D9663, Sigma-Aldrich) in PBS containing 0.2% Triton X-100 (PBS-TX), the sections were incubated with primary antibody in PBS-TX containing 5% serum at 4°C overnight, then rinsed in PBS-TX, and allowed to react with biotin-conjugated secondary antibody in PBS-TX at room temperature for 1 h, before being rinsed again in PBS. Sections for immunoperoxidase labeling were then stained with the VECTASTAIN ABC kit (Vector) (0.5 mg/ml DAB/0.01% H2O2). Fluorescent-labeled and DAB-labeled sections were mounted using VECTASHIELD (Cat. H-1000, Vector Laboratories) and Permount (Cat. SP15-100, Fisher Scientific) mounting medium, respectively. Immunoreactivity was examined using the fluorescent or light microscope (Eclipse E800; Nikon, Tokyo, Japan) equipped with a cooled CCD camera (SPOT; Diagnostic Instruments Inc., Sterling Heights, MI), or a confocal laser microscope (LSM 510 META; Carl Zeiss, Oberkochen, Germany). Digital images were processed using Adobe Photoshop 6.0 software.
Enzymatic deglycosylation
The deglycosylation reaction was essentially performed as described previously [1] . Protein samples were incubated in 1% SDS, 1.44 mM 2-mercaptoethanol and protease inhibitor cocktail at 37°C for 30 min, then chilled on ice before treatment with glycosidase(s). SDS-
